Ge W, Cao D, Long CR, Pickar JG. Plane of vertebral movement eliciting muscle lengthening history in the low back influences the decrease in muscle spindle responsiveness of the cat.
POSTURE AND MOVEMENT OF THE low back can be characterized by lumbopelvic orientation, but also require active muscle force to control intervertebral orientation because the passive osteoligamentous lumbar spine is inherently unstable. The spine's passive properties are insufficient to prevent it from buckling under compressive loads even less than the weight of the upper torso (8, 42) . With the lumbar spine and pelvis considered as separate segments, lumbopelvic orientation represents a regional parameter describing the extent of flexion-extension, lateral bending, and rotation in the lumbar spine. The translations and rotations of individual lumbar vertebrae, which underlie any change in regional orientation, must be controlled. In a study involving heavy lifting, unsuccessful neuromuscular control resulting in excessive flexion at a single lumbar vertebra was captured by videofluoroscopy and was accompanied by pain (6) . Changes in intervertebral orientation typically occur in the same direction as lumbopelvic orientation, but may be accompanied by coupled translations or rotations as well (21) .
In the trunk, proprioceptive feedback is thought to play a significant role in controlling orientation. In response to predictable disturbances that upset trunk equilibrium, the central nervous system can selectively increase the excitability of only the deepest portion of the multifidus muscle in preparation for reflex support from the fascicles that cross the fewest vertebral segments (24) . When control of the trunk requires precisiontype movement, the motor control system appears to rely more on sensory feedback to accomplish the task rather than feedforward cocontraction (14, 44) . The important role of feedback in control of the low back led us to investigate a characteristic of lumbar paraspinal muscle spindles that alters their signaling properties and could adversely affect motor control of the spine.
Our studies in the lumbar spine were first initiated based on previous findings that proprioception is altered by a muscle spindle's previous length history in the limbs of cats and humans. Changes in length history caused directly by stretching a tendon or indirectly by changing limb position alter muscle spindle signaling, stretch reflexes, and limb repositioning (16, 18, 19) . These alterations represent errors in sensorimotor control because, despite the muscle or limb being returned to the identical position, pre-vs. posthistory responses mediated by the muscle spindle are different.
In the lumbar spine of cats, we have shown that creating vertebral positioning histories by applying displacements along the cat's dorsal-ventral (DV) axis alters the sensitivity of longissimus and multifidus muscle spindles to static vertebral position, to vertebral movement, and to the velocity of that movement (5, 12, 13) . Recent studies in humans suggest that a history of spinal flexion affects reflex paraspinal muscle responses in the lumbar spine (38) and repositioning errors in the cervical spine (28) . Because each lumbar motion segment is considered to have 6 degrees of freedom of motion (41), we were interested in whether three orthogonal axes for creating positional history would differentially alter position and movement sensitivity. The effects of positional history along the three cardinal axes of the trunk, cranial-caudal (CC), left-right (LR), and DV, were investigated. The DV axis was meant to simulate translations that occur during bending and rotation, the LR axis to simulate translations that occur during lateral bending, and the CC axis to simulate translations that occur during flexion and extension (21) . We tested the null hypothesis that directional history produces no difference in paraspinal muscle spindle responsiveness to vertebral position or movement. The magnitude of vertebral actuation during the imposed history was kept constant for all directions. A portion of these data have been presented in preliminary form (31) .
METHODS

Preparation.
All experiments were performed in cats anesthetized with Nembutal (35 mg/kg), approved by the Institution's Animal Care and Use Committee and in accordance with the Guiding Principles in the Care and Use of Animals approved by the American Physiological Society. The general surgical procedure was the same as that of previous work (12, 13, 30) . Briefly, a laminectomy was performed removing the caudal half of L 4 and the entire L5 vertebral segments. Paraspinal muscles at L6 and L7 segments were kept completely intact, as were the facet joints of L4-5, L5-6, L6-7, and L7-S1; only paraspinal muscles on the left side of the L4-5 segments were removed. This provided exposure and access to the L6 dorsal rootlets, while keeping tissues of the low back intact and minimizing changes in the lumbar spine's biomechanical integrity (34) . Single-unit nerve activity was recorded from 60 muscle spindle afferents in teased filaments from rootlets on the right side. Light manual pressure was used to identify afferents whose most mechanically sensitive area was in the low back and not in the gluteal, hip, or leg regions.
Mechanical loading. Movement of the L 6 vertebra was induced directly at its spinous process using a computer-controlled feedback motor system (Lever System Model 310; Aurora Scientific, Aurora, Ontario, Canada), as previously described (12, 13, 30) . The system consisted of hardware to control a rotary coil motor. The shaft of the motor was attached to a 4-in.-long lever arm, which was positioned horizontally or vertically, depending on the cardinal axis along which the vertebra was to be actuated. The motor was used in displacement control, and both the lever arm's displacement and the force it exerted to accomplish the displacement were monitored and recorded.
Axially directed movements at the L 6 spinous process were applied along the CC, DV, or LR axis, depending on the experimental protocol (see Experimental protocols below). For movement along the DV axis, a pair of adjustable tissue forceps (152.4 mm long, 1 ϫ 2 teeth) were attached to and hung from the end of the horizontally positioned lever arm. A thin slit was placed along either side of the L 6 spinous process, and the working ends of the forceps were slipped through each slit and clamped tightly onto the process' lateral surfaces. For movement along the CC axis, the forceps were suspended from a pivot and clamped tightly to the L 6 spinous process. The lever arm was positioned vertically downward parallel to the forceps. A rigid, horizontally oriented metal rod attached the lever arm to the forceps 84.3 mm from its pivot. This arrangement obligatorily coupled movement at the L 6 spinous process to the lever arm's CC movement. Distance at the spinous process was directly scalable to lever arm displacement based on the attachment point. For movement along the LR axis, the forceps were also suspended from the pivot, clamped to the spinous process, and placed parallel to the vertically positioned lever arm. A custom-made bell crank lever transferred lever arm movement along the spine's longitudinal axis to perpendicular movement along the spine's LR axis. Distance at the spinous process was similarly scalable to lever arm displacement. For technical reasons, only two axes could be tested per cat, creating the need for two experimental cohorts: a CC-DV and a CC-LR cohort (n ϭ 30 spindles/cohort). Each axis within the plane defined by the cohort was tested separately. Target magnitudes used to condition the positional history for a cat were identical within a cohort.
For each cat, a target magnitude was established based on the vertebral movement that evoked a resistive load of 60 -70% of the cat's body weight (BW) along the CC axis in the direction that loaded the muscle spindle. In two cats, the target magnitude was 40 and 55% BW. The CC axis was used to establish the target, because the spine is stiffer along this axis than along the DV or LR axes. If movement had been based on the more compliant directions, the large displacements may have caused tissue failure and, based on experience, would tear the teased filament from the electrode. Along the DV axis, loads ranged from 8 to 56% BW [mean 25% (SD 9) BW]; along the LR axis loads ranged from 7 to 34% BW [mean 15% (SD 7) BW]. In the CC-DV cohort, target magnitudes ranged between 0.8 and 2.2 mm; in the CC-LR cohort, target magnitudes ranged between 0.8 and 1.6 mm.
Experimental protocols. Between successive protocols and at the start of each protocol, the L 6 vertebra was always positioned so as to produce no load against the feedback motor. Visually, this position was similar to the cat's standing posture. This position was termed intermediate. Previous studies have shown that, as a muscle's initial length approaches its physiological maximum, the effects of history are reduced, presumably due to the rise in passive intramuscular tension that spontaneously removes the thixotropic behavior (17, 35) . While the absence of load exerted at the motor represents the net force from all paraspinal tissues and not the muscles alone, the muscles were likely closer to their physiological length than to a substantially stretched or shortened length at this intermediate position. Thus our study represents the effects of muscle history elicited from a relatively neutral, physiological posture. Figure 1 is an example from one cat of the three experimental protocols that determined the effect of directional history in the horizontal plane along the DV axis on the subsequent responsiveness of lumbar muscle spindles. It shows displacement sequences for the L 6 vertebra (bottom panel), accompanied by muscle spindle responses (top three panels) during each protocol. At least 5 min elapsed between successive protocols (Ϫ300 to 0 s in Fig. 1 ). Each protocol consisted of four sequential parts: 1) preconditioning, 2) conditioning, 3) a static test, and 4) a dynamic test. Preconditioning consisted of maintaining the L6 vertebra at the intermediate position for 5 s, followed immediately by moving it rapidly (10 mm/s) and cyclically (10 times, triangle waveforms, dorsally then ventrally) to the target magnitude. Similarly, the three protocols were used along the CC and the LR axes for the appropriate cohort. The 5 min between protocols, together with the preconditioning, established identical histories before conditioning. It also minimized nonlinear viscoelastic changes that occur from repeated loading (27, 29, 43) . Conditioning consisted of holding the vertebra in a fixed position at the target magnitude for 4 s based on previous work showing that this duration is sufficient to maximize thixotropic effects in the lumbar spine (12, 13) . Relative to the intermediate position, movement along an axis that increased spindle discharge was considered the long direction (lengthened the muscle spindle). Conversely, the direction that decreased spindle discharge was considered the short direction (unloaded or shortened the muscle spindle). In separate protocols, the L6 vertebra was either held for 4 s at the intermediate position (hold-intermediate), or moved (10 mm/s) and held for 4 s at the target in the long (hold-long) or short (hold-short) direction. Because the target was determined along the CC axis, protocols were first applied along this axis. Presentations of the three conditioning directions (long, short, and intermediate) were randomized to average out any ordering effects. Immediately following conditioning, the vertebra was maintained at or returned (10 mm/s) to the intermediate position from which the effect of conditioning history on the muscle spindle's responsiveness was tested. For the static test, neural discharge from the afferent was recorded for 0.5 s, with the vertebra returned to the intermediate position. For the dynamic test, neural discharge was recorded while the L6 vertebra was slowly moved (0.2 mm/s) in a direction that loaded the muscle spindle (the long direction) relative to the intermediate position. Movement was terminated when the target magnitude was reached.
Classification. Following completion of the experimental protocols, two procedures were used to confirm that an afferent was from a muscle spindle (12, 13) . Afferents were classified as muscle spindles based on a sustained increase in their discharge to succinylcholine injection (100 -200 g/kg ia) and their decreased discharge to electrically induced muscle contraction (square wave: 50 s, 0.2-0.5 mA). No effort using succinylcholine was made to determine the type of intrafusal fiber on which the afferent ending terminated. In addi-tion, the lumbodorsal fascia was removed, and von Frey monofilaments (Stoelting, Wood Dale, IL) were used to localize the ending to the multifidus or longissimus muscle.
In one cohort, conduction velocity was obtained by inserting two stimulating needle electrodes in the vicinity of the L 6 -7 intervertebral foramen using a technique previously described (12) . Conduction velocity was determined by dividing the conduction distance by the time for an impulse to reach the recording electrode in response to stimulation. In this same cohort, the spindle afferents were classified as primary or secondary based on their discharge pattern to trapezoidal movement of the L 6 vertebra using classic criteria for ramp and hold loading (22, 39) . Primaries displayed an abrupt increase in discharge during the constant velocity ramp (exclusive of the initial burst at the ramp's acceleration), followed either by a plateau or slower increase during the remainder of the ramp stretch. At ramp's end and the onset of hold, discharge abruptly decreased (due to creep behavior of the equatorial region). During the ramp-down, primaries were abruptly silenced. Secondaries displayed a graded increase during the ramp stretch, little adaptation at the end of stretch, and a progressive decrease in discharge during ramp down. When an afferent had mixed components, it was classified as intermediate.
Data analysis. Neural responses during the 4-s conditioning hold (long, short, or intermediate) and during the 0.5-s static test were each quantified as the mean of the instantaneous frequencies (MIF). Instantaneous frequency was calculated as the reciprocal between consecutive action potentials. During the dynamic test, the time necessary to complete the test could be different between cats because the target magnitude was established separately for each cat (see above). Displacement and the time to the target magnitude were divided into 20 consecutive 5% increments specific to each cat. The number of action potentials during the dynamic test was averaged over the duration of the entire test to obtain a mean frequency. Similarly, mean frequency was calculated for each 5% increment over an increment's duration.
All changes in neural responses were characterized by their relationship to the hold-intermediate protocol. The differences in MIF between the conditioning holds were obtained by subtracting the hold-intermediate MIF from the hold-long and hold-short MIFs (⌬conditioning in Fig. 3 ). Changes in muscle spindle activity during the static test (⌬ST in Figs. 3 and 4) were characterized by subtracting MIF consequent to hold-intermediate conditioning from MIF consequent to hold-short (⌬ST short) or hold-long conditioning (⌬STlong). Changes in muscle spindle activity during the dynamic test (⌬DT, shown over entire movement in Fig. 5 and in 5% increments in Fig.  6 ) were calculated similarly and were identified as ⌬DT short or ⌬DTlong. A positive value indicated an increase in muscle spindle responsiveness, and, conversely, a negative value indicated a reduction in muscle spindle responsiveness. Similarly, a value close to zero indicated that conditioning produced little change in muscle spindle responsiveness.
Data are reported as means and 95% confidence intervals (lower, upper 95% confidence interval) unless otherwise noted. Paired t-tests in the two groups of cats were used to determine whether conditioning the L 6 vertebra to the same magnitude along the two axes had similar effects on muscle spindle responsiveness during the static and dynamic tests. Significance was determined at ␣ ϭ 0.05. Based on the variability from previous work (33), the study was powered at 80% to detect a change in spindle discharge of 5 imp/s between displacements along the two axes in each experimental group. This value was chosen because a 5 imps/s change in muscle spindle discharge is thought to represent a 1-mm difference in muscle length (15, 22) .
RESULTS
Classification.
Thirty lumbar paraspinal muscle spindle afferents were studied in the CC-DV cohort. Their receptive fields were located in either the lumbar longissimus (n ϭ
In parallel with the CC-DV cohort, 30 lumbar paraspinal muscle spindle afferents were studied in the CC-LR cohort. All receptive fields were located in either the lumbar multifidus (n ϭ 7) or longissimus (n ϭ 23) muscles. Twenty-nine spindle afferents were silenced by direct muscle stimulation; one spindle could not be tested because the nerve died before the protocol could be completed. All afferents were activated by succinylcholine (100 -200 g/kg). The increase in discharge began 3.6 -64.1 s following injection into the carotid artery. Discharge increased between 15 and 201 imp/s and was maintained near this rate for at least an additional 30 s.
Directional sensitivity. In the horizontal plane for the CC-DV cohort, more than one-half of paraspinal muscle spindle afferents (18 of 30) increased their discharge to cranialward movement of the L 6 vertebra; caudalward movement increased the discharge of the remaining 12 afferents. Cranialward movement loaded 58% of longissimus (11 of 19) and 64% of multifidus (7 of 11) muscle spindle afferents. Caudalward movement loaded the remaining 42 and 36%, respectively. Similarly, in the CC-LR cohort, the greater majority of paraspinal muscle spindle afferents (22 of 30) increased their discharge to cranialward movement of the L 6 vertebra in the horizontal plane; caudalward movement increased the discharge of the other eight afferents. Cranialward movement loaded 74% of longissimus (17 of 23) and 71% of multifidus (5 of 7) muscle spindle afferents. Caudalward movement loaded the remaining 26 and 29%, respectively.
In the sagittal plane along the DV axis in the CC-DV cohort, ventralward movement of the L 6 vertebra increased the discharge of all lumbar muscle spindle afferents. In the transverse plane in the CC-LR cohort, leftward movement of the vertebra increased the discharge of all but one of the 30 afferents; rightward movement increased the discharge of one longissimus spindle afferent.
Static test. Figure 1 shows a representative response from one afferent innervating the longissimus muscle during history created along the spine's DV axis. During the conditioning hold at an intermediate position, MIF was 50 imp/s and increased to 71 imp/s during hold-long and decreased to the 44 imp/s during hold-short. The spindle's responsiveness during the static and dynamic tests following having held the L 6 vertebra in a position that lengthened the paraspinal muscle was diminished compared with hold-intermediate (solid vs. crossed symbols in panel 4) and, conversely, was augmented in response to having held the vertebra in a position that shortened the muscle (open vs. crossed symbols in panel 4) . Figure 3 shows the relationship between the effects of prior conditioning history on subsequent resting spindle discharge during the static test for each of the 60 spindle afferents. Conditioning discharge on the x-axis represents the increase or decrease relative to hold-intermediate. In both cohorts for both the longissimus (Fig. 3, A and B ) and multifidus muscles ( 2) imp/s, respectively. None of the confidence intervals crossed zero for either ⌬ST long or ⌬ST short . The differences in the effects of either the hold-long or hold-short conditioning histories on resting spindle discharge were not significantly different be- Dynamic test. Mean changes over the duration of the entire dynamic test are shown in Fig. 5 . Mean ⌬DT long for the CC and DV directions decreased by Ϫ6.6 (Ϫ8.9, Ϫ4.4) imp/s and by Ϫ7.7 (Ϫ9.9, Ϫ5.4) imp/s [mean (lower and upper 95% confidence interval)], respectively; none of the confidence intervals crossed zero (Fig. 5A, solid symbols) . Conversely, mean ⌬DT short in the CC and DV directions increased by 2.0 (0.9, 3.2) imp/s and 2.0 (0.9, 3.1) imp/s, respectively; none of the confidence intervals crossed zero (Fig. 5A, open symbols) . Similar to the static test, differences in the effects of either hold-long or hold-short conditioning histories on spindle responsiveness to movement were not significantly different between the two axes: 1.0 (Ϫ2.1, 4.2, P ϭ 0.51) imp/s for ⌬DT long and 0.1 (Ϫ1.5, 1.6, P ϭ 0.93) imp/s for ⌬DT short .
In the CC and LR directions ⌬DT long (Fig. 5B , solid symbols) decreased by Ϫ7.8 (Ϫ9.4, Ϫ6.2) imp/s and by Ϫ4.9 (Ϫ6.5, Ϫ3.3) imp/s [mean (lower and upper 95% confidence interval)], respectively, and none of the confidence intervals crossed zero. Conversely, ⌬DT short following conditioning in the CC and LR directions increased by 1.8 (1.1, 2.5 imp/s) and 1.9 (1.2, 2.7 imp/s), respectively; none of the confidence intervals crossed zero (Fig. 5B, open symbols) . Similar to the static test, hold-long conditioning along the CC compared with the LR axis had a significantly greater depressive effect on muscle spindle discharge (P ϭ 0.01); the mean difference in ⌬DT long between the CC and LR axes was Ϫ2.9 (Ϫ0.6, Ϫ5.2) imp/s. However, the mean difference in ⌬DT short between the CC and LR axes [0.12 (Ϫ0.9, 1.1) imp/s] was not significant (P ϭ 0.81). Figure 6 shows mean response profiles with confidence limits over the time course of the dynamic test in both cohorts. These data indicate that the mean differences shown in Fig. 5 were influenced most by changes during the early part of movement, and the effect of hold-long conditioning lasted through a greater percentage of the movement than the effect of hold-short. Confidence intervals for hold-long in both cohorts did not begin to cross values comparable to hold-intermediate (⌬DT long ϭ 0) until 75% of the movement, whereas they began to cross zero at ϳ45% of the movement for hold-short in both cohorts. In the CC-LR cohort in particular (Fig. 6B) , differences in ⌬DT long between the two conditioning directions were most pronounced during the first one-third of the movement, becoming increasingly less through the next one-third, to finally converge during the last one-third of the movement.
DISCUSSION
Before discussing these results, we consider several issues related to our approach for inducing muscle history because they potentially affect the validity of the data and, consequently, its interpretation. We changed vertebral position and thereby indirectly changed muscle length, but were not able to directly measure it. Changes in muscle length and, consequently, spindle length are considered the primary mechanism by which history creates spindle signaling errors (36) . In the limbs, direct and indirect methods (tendon stretch and joint movement, respectively) reliably create these errors (17, 19) . In the lumbar spine, tendons of the longissimus but not multifidus muscle have been isolated and stretched while recording from muscle spindles (10). Our interest was in the relationship between mechanical changes in the lumbar spine and neurophysiological responses from any of the accessible local back muscles (3, 4) . We, therefore, applied controlled translations to a contact point on the L 6 spinous process and indirectly changed paraspinal muscle length. Although the entire vertebra may not have translated because it could potentially include a rotational component, we strove to create repeatable actuations and minimize out-of-plane movements by using a deeply toothed tissue forceps tightly clamped to the process's lateral surface. One might anticipate that the potential for nontranslatory vertebral movement, coupled with soft tissue hysteresis and with the complex anatomic organization of back muscles, wherein vertebral movement might not be colinear with the longitudinal axis of the muscle fibers, could yield data sufficiently variable between repeated experimental protocols as to be uninterpretable.
Despite these issues, several findings support the reproducibility, validity, and interpretability of the data. First, spindle responses during the "hold" conditionings and during the static tests were remarkably consistent (see Fig. 3 ). The variability in discharge among the spindles is not surprising because they are distributed throughout a muscle and their individual locations confer upon them differing sensitivities (7, 23) . Second, a comparison with several other studies in the lumbar spine (see Table 1 ) demonstrates the repeatability of responses during the static and dynamic tests. Third, compared with a previous study in the cat hindlimb (19), the absolute difference (24.7 imp/s) we found between ⌬ST long (Ϫ20.4 imp/s) and ⌬ST short (4.3 imp/s) was similar to the 20 imp/s difference between hold-long and hold-short conditioning in the hindlimb.
The present study confirms previous findings that vertebral positions, which create lengthening history along the DV axis, reduce the responsiveness of multifidus and longissimus muscle spindles to both vertebral position and movement. Conversely, a shortening history increases it, but to a lesser absolute magnitude (see summary in Table 1 ). New information from the present study includes the findings that the axis along which the history is established affects the magnitude of the signaling error, and that the axis affects only the lengthening history. Specifically, a lengthening history along the CC and DV axis produced significantly greater reductions in spindle responsiveness than along the LR axis. As shown recently, a lengthening, but not shortening, history also reduces the velocity sensitivity of lumbar muscle spindles (5) . Based on anatomic descriptions (9) and confirmation by visual inspection of three cadaveric lumbar spines, the plane of the L 6 -7 facet joint in the cat is oriented more in the sagittal than in the transverse plane. The anatomy suggests that the consequences of a vertebra's "lengthening history" will be greatest when the history occurs along an axis lying within the anatomic plane of the facet joint. It is important to recognize that these histories were established under mechanical conditions that can be considered physiological, in that small changes in vertebral position were initiated from a neutral spinal posture. Because the effects of muscle history are influenced by the initial muscle length (17, 35) , it would be important to determine whether kyphotic or lordotic postures amplify or minimize the effects of muscle history in the lumbar spine.
The present study also confirms a preliminary finding (32) and extends findings from previous studies (11, 12) , that conduction velocity does not aid in reliably classifying lumbar paraspinal muscle spindles. In appendicular muscles, numerous studies show that the frequency distribution of conduction velocities is bimodal and ranges roughly between 20 and 120 m/s (20, 22) . While the dividing line between the overlapping modes appears arbitrary (22) , afferents conducting faster than 70 -72 m/s (20, 22) are generally classified as group Ia afferents and slower as group II afferents. Based on their discharge characteristics to a ramp and hold muscle stretch, the Ia population consists of afferents classified as originating in primary endings, and the II population as originating in secondary endings (39) . A similar distribution did not occur with the lumbar muscle spindles. The range of conduction velocities was similar to that of appendicular spindles, but showed no evidence of a bimodal distribution (Fig. 2A) . The primaries did not cluster toward the faster conduction velocities (Fig. 2B) and were, in fact, distributed over the entire range of velocities. Moreover, the spindle afferents with intermediate functional characteristics were also broadly spread across the range of velocities. No secondary afferents were identified and their relationship to conduction velocity could, therefore, not be determined.
It seems reasonable to think that lengthening histories in spinal extensor muscles may be created during everyday activities that require sustained spinal flexion or bending. The subsequent return to an erect, neutral posture and consequential slackening of the spindle apparatus as the extensors shorten could be accomplished with varying degrees of active extensor contraction and passive muscle shortening. For example, while straightening following forward flexion in an armchair, the magnitude of extensor contraction would depend on the extent to which one could use their arms to assist. In the limbs, it has been shown that active contraction does not necessarily remove the effect of history in that its elimination via alpha-gamma coactivation is graded with the magnitude of contraction (1) . Similarly, active paraspinal muscle contraction following sustained forward flexion does not eliminate proprioceptive changes whose origins are consistent with a lengthening history (38, 45) . These changes include delayed onset of stretch reflex activation of paraspinal muscles (38) and a greater lumbar repositioning error in adopting a kyphotic compared with a lordotic lumbar curve (45) .
Based on findings from the present study, the segmental spindles affected by the history could depend on the specific postural activity. In the human spine, each lumbar vertebra exhibits relatively distinct motion characteristics [i.e., rotation and/or translation with six degrees of freedom (21, 26) ] during changes in lumbopelvic orientation. Facet joint orientation contributes to these characteristics (21) . The upper lumbar vertebrae with more sagittally oriented facets translate and rotate more during flexion and extension, whereas the lower lumbar levels with more coronally oriented facets translate and rotate more during axial rotation and lateral bending (21) . It is during the early part of a movement that the largest reduction in spindle responsiveness occurred (Fig. 6 ) and the largest decrease in velocity sensitivity occurs (see Fig. 5 in Ref. 5). In the limbs, low level, voluntary contraction of a limb muscle does not abolish the effects of history; however, the effects do progressively lessen as the muscle generates up to 40% of maximal voluntary contraction (1, 46) . We speculate that a history-induced reduction in feedback support from muscle spindles before substantial force is developed may be a causal element contributing to segmental tissue strain and injury in the low back. Abnormally controlled motion at a segmental level could contribute to throwing one's back out while simply flexing to pick up a pencil.
Aside from considerations of muscle history, the current study provides some support for the "ensemble coding" theory of proprioceptive processing (cf. Ref. 37), i.e., that the central nervous system relies on the population input rather than on the signaling properties of any one sensory receptor. This theory gains support from studies in appendicular muscles, where individual muscle spindles show preferred directions of joint position and movement, with each responding maximally to a particular direction of movement within a plane (2, 7). While we did not incrementally alter vertebral movement within a plane, we determined each spindle's response to three different vertebral positions (hold-long, intermediate, and short) in two planes (sagittal and horizontal) along three orthogonal axes (CC, DV, medial-lateral). Figure 3 indicates that, along the axes of each plane, the response from lumbar spindles was not symmetrical about the intermediate conditioning position. Furthermore, within each plane, spindles did not all share a preference for the combination of axes along which they were most responsive. In the CC-DV cohort, while all were most responsive to ventralward vertebral movement, nearly one-half were responsive to cranialward and one-half to caudalward movement. In the CC-LR cohort, while all except one were most responsive to leftward movement, nearly three-fourths were most responsive to cranialward movement whereas onefourth was most responsive to caudalward movement. Thus each lumbar paraspinal muscle spindle may respond to its own preferred movement vector.
In conclusion, this study showed that the magnitude of history-induced reductions in lumbar muscle spindle signaling of vertebral position and movement depended on the plane of vertebral movement evoking the lengthening history. Previous studies in the limbs show that similar reductions diminish the stretch reflex and delay its onset, with the latter being due to the time needed to remove slack within the spindle apparatus (17, 36) . While it is difficult to know whether muscle history affects the lumbar spine more than the limbs, it seems reasonable to think that history arising from passive vertebral movements could play a larger role in the lumbar spine because it, unlike the limb, experiences persistent compressive loading during sitting, as well as standing. We speculate that the interaction between spinal mechanics and the thixotropic property of the muscle spindle poses at least two challenges for feedback and feedforward motor control of the lumbar spine. First, no other proprioceptors (Golgi tendon organs, low threshold joint, or cutaneous mechanoreceptors) are known to have this property. Thixotropy likely induces discordant feedback between sensory channels, input that has been shown to create aberrant somatic symptoms (25) . Second, the unpredictability of spindle input may also have adverse effects on the updating of internal models used for feedforward motor control (40) . 
